Summary. Thyroxine treatment did not significantly affect the immediate insulin secretory response of the perfused rat pancreas, but it inhibited the late phase of D-glucose-induced insulin secretion. Thyroxine treatment did not inhibit D-glyceraldehyde-, D-mannose-, and tolbutamide-induced insulin release from the perfused pancreas. An increase in the D-glucose concentration of the perfusion medium as well as feeding of the rats did not restore insulin secretion after thyroxine treatment. The inhibition of D:glucose-induced insulin release in response to thyroxine treatment was reversed after addition of either D-glyceraldehyde, dihydroxyacetone, DL-glyceric acid, pyruvate, or ct-ketobutyrate to the perfusion medium. Tolbutamide, L-glucose, D-fructose, D-mannose, L-lactate, and propionic acid were not able to overcome the inhibition of D-glucose-induced insulin secretion. Except for a-ketobutyrate all substances which were effective in reversing the inhibition of D-glucose-induced insulin release were glycolytic intermediates. Comparing the glycolytic (x-ketoacid pyruvate and the non-glycolytic ketoacid a-ketobutyrate, the only part common to both substances was the ketoacid moiety. It is concluded from these findings that the ketoacid moiety of the a-ketoacids plays an important role in reversing the effect of thyroxine on D-glucose-induced insulin release. September, 1975 Since the experiments of Houssay thyroid hormones have been generally looked upon as diabetogenic hormones [1] .
Since the experiments of Houssay thyroid hormones have been generally looked upon as diabetogenic hormones [1] .
It is now thirty years ago since Houssay concluded from his studies on the dog that "the pancreas of an animal with thyroid or metathyroid diabetes secretes little or no insulin, as can be shown by grafting it into the circulation of a diabetic dog" [1] .
These early experiments were followed by many investigations on the diabetogenic effect of thyroid hormones, with rather controversial results [2] . Since we have shown that thyroxine treatment inhibits insulin secretion from the perfused rat pancreas [3] , we have described some of the aspects of the inhibitory effect of thyroxine on insulin release [4] and discussed some of the related literature in detail [2] .
It is the purpose of this publication to define further the inhibitory effect of thyroxine treatment on insulin secretion from the perfused rat pancreas. Two main aspects will be discussed in detail: (a) the selectivity and (b) the reversibility of the inhibitory effect of thyroxine and its implications for glucose-, glyceraldehyde-, mannose-, and tolbutamide-induced insulin release from the pancreas. Some of the results have been presented in abstract form [5] .
Materials and Methods

Chemicals
Pure rat insulin was kindly supplied by Novo GmbH, Mainz, tolbutamide by Farbwerke Hoechst AG, Frankfurt. 125-I-labelled insulin was obtained from Behringwerke AG, Frankfurt, (-) thyroxine (sodium salt) and bovine albumin (fraction V) were from Serva, Heidelberg; D-glyceraldehyde, L-glucose, dihydroxyacetone, L-lactate, propionic acid, and 
Experimental Design
Male Wistar rats (200-250 g) were treated with thyroxine (600 ,ug/kg b. wt./day, for five days) or an equivalent volume of saline. On the sixth day the pancreas and the adjacent part of the duodenum, the spleen, and the stomach were removed from 24 hour fasted or fed rats according to the method of Grodsky et al. [6] , with slight modifications as described in detail in this journal before [4] . Immtmoreactive insulin was determined by the method of Zaharko and Beck [71.
Calculations
Results were tested for significance with Student's t-test and presented as the mean + S.E.M. For clarity mean values for 60 minutes of perfusion and levels of significance are given only in Table 1 .
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Results
Thyroxine treatment (600 vg/kg b. wt./day, for 5 days) had only a moderate stimulatory effect on the immediate insulin secretory response of the perfused rat pancreas to D-glucose (16.7 mM) ( Fig. 1 ), Thyroxine treatment reduced significantly D-glucose-induced insulin secretion during the late phase of release from the perfused pancreas ( Fig. 2 and Table 1) .
As compared to D-glucose (16.7 raM) the immediate insulin secretory response to D-glyceraldehyde (10 raM) appears 20-30 seconds earlier and the response to tolbutamide (20 mg/100 ml) 90-100 seconds earlier, whereas the response to D-mannose (16.7 raM) appears 30-40 seconds later than the secretory response to D-glucose (Fig. 1) . Furthermore, only D-glucose was able to induce a permanently increasing late phase of insulin release (Fig. 2) . During the whole perfusion period of 60 minutes (Fig. 2) insulin release induced by D-glyceraldehyde, tolbutamide, and D-mannose during the immediate secretory response, as well as during subsequent release, was not inhibited by thyroxine treatment (Figs. 1 and  2 ). There was even a slight, but not significant, stimulation of insulin secretion from the perfused pancreas in response to D-glyceraldehyde, D-mannose, and tolbutamide (Table 1) .
We have investigated if an increase in glucose concentration in the perfusion medium or feeding of the animals before the experiments results in a reversal of the inhibition of D-glucose-induced insulin release after thyroxine treatment. Though both increased D-glucose concentration (33.4 mM) and feeding of the rats further stimulated insulin release in controls, as well as after thyroxine treatment ( Fig. 3 and Table 1 ), a significant inhibition of D-glucose-induced insulin release could be demonstrated in both cases ( Fig. 3 and Table 1 ). The ability of several substances to reverse the inhibition of D-glucose-induced insulin release after thyroxine treatment was investigated. Most of these substances have been shown at some time or another not to induce insulin release from the perfused rat pancreas in the absence of glucose from the perfusion medium. We can confirm that the following substances did not induce insulin release in the absence of glucose: L-glucose (16.7 mM), Dfructose (16.7 raM) [8] , dihydroxyacetone (10 raM) [9] , DL-glyceric acid (10 raM), pyruvate (10 mM) 16], L-lactate (10 raM) [10] , and propionic acid (10 mM). In contrast to another report, we noticed a very small stimulatory action of a-ketobutyrate (10 mM), even smaller (50%) than that of D-mannose (16.7 mM) (Table 1) [11] . Additionally we included in our study the D-glucose independent insulin secretagogues Dglyceraldehyde (10 mM), D-mannose (16.7 mM) [8] , and tolbutamide (20 mg/100 ml) [4, 12] .
The supplementation of the perfusion medium, in addition to D-glucose (16.7 raM), with D-glyceraldehyde (10 raM), dihydroxyacetone (10 raM), DL-glyceric acid (10 mM), pyruvate (10 mM), and a-ketobutyrate (10 raM) (Fig. 4) completely abolished the inhibition of D-glucose-induced insulin secretion after thyroxine treatment (Table 1) . Tolbutamide (20 mg/100 ml) reduced the inhibition (Table 1) , whereas L-glucose (16.7 raM), D-fructose 7 mM), D-mannose (16.7 mM) , L-lactate (10 mM), and propionic acid (10 mM) were not able to reverse the inhibition of thyroxine treatment on insulin secretion from the perfused rat pancreas.
Discussion
Hyperthyroidism is associated with an increased incidence of diabetes [1] . In man the large amount of controversial literature [2] , as a result of differences in experimental design and criteria for selection of patients, does not provide on explanation [2] . In laboratory animals the difficulties can be overcome by administration of thyroxine. Experimental hyperthyroidism, very similar to the state found in hyperthyroid patients, can be induced [2] .
Thyroxine treatment interfered only with the late phase of glucose-induced insulin release (Fig. 2) . The immediate insulin secretory response remained intact (Fig. 1) . In this respect thyroxine differs markedly from other inhibitors, which affect both the immediate and the late phase of insulin release. The intact immediate response indicates that glucose is recognized by the pancreatic B-cell, although changes in the transition of the initial signal may be induced by thyroxine treatment. This view is supported by the fact that inhibition of insulin release induced by thyroxine was reversible.
Neither feeding nor an increased glucose concentration could prevent thyroxine-induced inhibition, though insulin release from the pancreas of thyroxine treated rats, as well as of control animals, was clearly stimulated (Fig. 3 and Table 1 ). In contrast to many other inhibitors of insulin secretion the inhibition induced by thyroxine is specific for glucose-induced insulin release. The secretory action of pharmacologic agents, like tolbutamide [4], or physiologic stimulators, like glyceraldehyde and mannose, was definitely not inhibited (Figs. 1 and 2 ). After treatment with lower doses of thyroxine, the stimulatory effect of tolbutamide was significantly higher than in controls [4] . This specificity may relate to the fact that glucose is the only stimulator which induces a permanently increasing late phase insulin release from the pancreas (Fig. 2) . The characteristics of the inhibitory effect of thyroxine allow the conclusion that the inhibition of insulin release induced by this hormone is selective for the late phase of glucose-induced insulin release from the perfused pancreas.
The results presented here require some comments on glucose-induced and glyceraldehyde-induced insulin secretion. In several publications similar dynamics of insulir~ release from the perfused rat pancreas [9, 13] and from perifused mouse islets [14] , in response to D-glucose and D-glyceraldehyde, have been described. In earlier experiments we noticed that the immediate insulin secretory response, as well as the late phase of hormone release, induced by D-glucose or D-glyceraldehyde, differed markedly from each other [15] (Figs. 1 and 2) .
These findings allow the conclusion that glyceraldehyde, as well as tolbutamide and mannose, can easily be distinguished from each other, as they induced different immediate insulin secretory responses of the pancreas during the first few minutes of perfusion (Fig. 1) . However, none of these secretagogues shared the ability of glucose to induce a permanently increasing late phase insulin release from the pancreas during the whole stimulation period of one hour (Fig. 2) .
Thyroxine treatment did not reduce glucosestimulated insulin release when the perfusion medium was supplemented with D-glyceraldehyde, DL-glyceric acid, dihydroxyacetone, pyruvate, or a-ketobutyrate. The ability of these substances to overcome the inhibition after thyroxine treatment is not related to the insulin secretory potency of these substances. All these substances, except for a-ketobutyrate, are glycolytic intermediates. However, the fact that both glyceraldehyde and dihydroxyacetone (Table 1) can overcome the inhibition of insulin release seems to argue against an interference of thyroxine with phosphoglyceraldehyde dehydrogenase. This enzyme is inhibited by thyroid hormones [16] . It appears possible that glyceraldehyde, dihydroxyacetone, and glyceric acid overcome the inhibition of secretion by providing the a-ketoacid, pyruvate, via glycolysis. The inefficiency of lactate (Table 1) is in accord with this hypothesis, as the lactate dehydrogenase activity in the pancreatic islets is very low [17, 18] . This may be relevant in vivo as blood pyruvate levels are increased in hyperthyroid rats [19] . a-ketobutyrate is able to overcome the inhibition of glucose-induced insulin release after thyroxine treatment (Fig. 4 and Table 1 ), results which demonstrate that the ability of pyruvate to overcome the inhibition is apparently not due to pyruvate being a glycolytic substrate, a-ketobutyrate is even more potent than pyruvate ( Table 1 ). The c~-ketogroup is the moiety common to both substances and no common pathway appears to be known for pyruvate and a-ketobutyrate. Neither is the effect of pyruvate due to its Ca-structure or to the monocarboxylic acid moiety, as shown by the striking ineffectiveness of propionic acid (Table 1) .
These characteristics of the inhibitory effect of thyroxine allow the conclusion that the reversibility of the inhibition of insulin release is at least to some extent specific for its sensitivity to a-ketomonocarboxylic acids. These have been proposed to interact directly with receptor sites of the pancreatic B-cell [20] , nevertheless the cellular mechanism of action of pyruvate and a-ketobutyrate in connection with the inhibition of insulin secretion after thyroxine treatment remains unknown and requires further investigation. At present we cannot exclude intracellular effects of these ketoac~ds in their cellular actions.
